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Plant meristems: A ménage à trois to end it all
Peter Doerner
Regulated termination of stem cell maintenance is
required to complete reproductive development in
plants. Two recent studies have revealed a new
relationship for some old suspects; the WUSCHEL gene,
which promotes indeterminacy, is involved as well as
the floral regulators LEAFY and AGAMOUS.
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Plants grow throughout their life cycle by re-iterative
organ formation, mediated by meristems, stem cell collec-
tions at the apex of the shoot and root. In shoots, organo-
genesis proceeds in discrete units comprising a potentially
indeterminate lateral meristem that initially remains qui-
escent, and a subtending determinate lateral organ, a leaf
(Figure 1). Following the transition to reproductive growth,
vegetative meristems become inflorescence meristems that
produce floral meristems on their flanks. Floral meristems
produce concentric whorls of floral organs that are evolu-
tionarily derived from leaves [1], and terminate with a
central gynoecium. Although floral meristems in Arabidop-
sis are lateral meristems, they differ fundamentally in that
they are determinate structures. It is essential for floral
meristems to be determinate to allow carpel development
and, ultimately, gametogenesis to proceed properly. Plants
must therefore precisely control stem cell homeostasis, not
only to service an indeterminate meristem, but also to ter-
minate stem cell maintenance on schedule in determinate
floral meristems, so to allow further progress through the
plant life cycle. Two recent studies [2,3] have shed light on
the mechanisms by which this happens.
The stem cells in the shoot apical meristem (SAM) are
located in the L1–L3 layers at the meristem centre, and
their progeny are progressively displaced towards the
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Developmental phases of shoot meristems in Arabidopsis. During
vegetative growth (left panel), only the shoot apical meristem (dark
green) is indeterminate and active in organogenesis. The lateral
meristems are inactive, but potentially indeterminate (light green).
Leaves and stem are determinate structures (grey or black). Soon after
the transition to the reproductive phase of development (middle panel),
the stem elongates, nascent lateral meristems remain active, while
growth of the subtending leaf is de-emphasised. Quiescent lateral
meristems laid down in earlier plastochrons are activated and their
stems elongate as well. After full commitment to reproductive growth
(right panel), all lateral meristems produced by the inflorescence
meristems at the apices (green) are determinate flowers (grey). The
inset (left panel) schematically shows the organisation of the shoot
apical meristem into clonally related layers (L1–L3) and the stem cells
in the central zone (dark green). These are subtended by an organising
centre defined by the expression domain of WUS (red). Organ
primordia, in which proliferation is very rapid, arise at the meristem
periphery and lateral meristems are located on the adaxial side of the
organ primordium (pale green).
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periphery of the meristem where they are recruited
into organ primordia (Figure 1). Genetic analysis in Ara-
bidopsis has recently revealed how a negative feedback
loop between the CLAVATA (CLV) and WUSCHEL (WUS)
genes is required to control stem cell homeostasis in the
indeterminate shoot apical meristem [4,5]. The products
of the CLAVATA loci interact to form a receptor-like kinase
complex, Clv1–Clv2, which binds the Clv3 polypeptide
ligand [6]. This complex promotes determinate cell fate
and antagonises the Wus protein, a homeodomain-type
putative transcription factor that promotes stem cell
identity and therefore indeterminacy of the meristem.
Wus plays a key stem-cell-promoting role, which therefore
also makes it a likely target of pathways involved in termi-
nating stem cell maintenance in floral meristems.
Two groups have now shown that AGAMOUS (AG), a gene
previously known to play a dual role in floral organ pat-
terning and the termination of flower development, interacts
with WUS [2,3]. AG is a MADS box gene expressed in the
third and fourth whorls of a developing flower, and is
required to specify stamens and carpels. The ag loss-of-
function phenotype is characterised by a homeotic trans-
formation of stamens to petals. Gynoecia are absent in the
mutants and replaced by further petals, indicating that AG
is also required to terminate flower development. In con-
trast, the rare flowers that develop in wus mutants lack all
carpels and most stamens, and so not only appear to run
out of cells for floral organogenesis, but also to have a spe-
cific patterning defect. The opposite phenotypes of ag and
wus mutants raised the possibility that the two genes antag-
onise each other to control floral development.
WUS is expressed early during wild-type flower develop-
ment, but is extinguished after carpel primordia are estab-
lished [2,3,7]. In ag flowers, WUS expression persists,
consistent with its role in promoting indeterminacy. Fur-
thermore, the AG expression domain in floral meristems
with reduced WUS activity is much smaller, indicating that
WUS promotes AG expression [3]. Moreover, when WUS
expression was forced by expression under control of either
the LEAFY (LFY) or APETALA3 (AP3) [3] or AG promot-
ers [2], supernumerary stamens and carpels as well as
homeotic transformations were observed. When WUS was
overexpressed in an ag background, the tissues at the posi-
tion of the third and fourth whorls failed to differentiate
into floral organs and over-proliferated.
Thus, WUS promotes the expression of its nemesis AG,
thereby establishing a regulatory loop required for termi-
nation of floral stem cell maintenance (Figure 2). The sup-
pression of WUS by AG must in part occur post-transla-
ionally, because it is still observed when WUS is not under
control of its own promoter. This regulatory logic is analo-
gous to the previously described interactions between
WUS and CLV3, whereby WUS promotes the expression of
CLV3 which in turn, via activation of the Clv complex-
dependent signalling pathway, restricts WUS expression
[4,5]. The formation of supernumerary third and fourth
whorl organs in floral meristems ectopically expressing
WUS shows how sensitive organ formation is to the number
of stem cells in the floral meristem at the time of their ini-
tiation. This highlights the remarkable accuracy with
which stem cell number is controlled in wild-type plants,
in which third and fourth whorl organ numbers are essen-
tially invariant.
In wus mutants, homeotic organ transformations are not
observed and AG expression is diminished but not abro-
gated. Moreover, if WUS were sufficient to induce AG,
then this should also happen in vegetative meristems and
convert them to determinate structures, which is obviously
not the case. This suggested that WUS is a partially redun-
dant AG activator. Using different approaches, the floral
meristem identity gene LFY has been identified as a second
regulator of AG accumulation [2,3]. Forced WUS expres-
sion in a lfy background fails to induce AG [2]. The Lfy
protein binds directly to the regulatory sequences in the
AG intron required for correct AG expression [3]. Using
yeast as a heterologous system to examine AG intron-depen-
dent transcription, transcripts were found to accumulate
strongly only when WUS and LFY are co-expressed. More-
over, the cognate binding site for Wus maps directly adjacent
to that of Lfy, raising the possibility that these two transcrip-
tional regulators interact synergistically to activate AG [3].
Why is a second regulatory circuit necessary to regulate
stem cell accumulation? First, the WUS/LFY–AG circuit
Figure 2
A model for the postulated negative feedback loop coupling stem-cell-
promoting (WUS), floral meristem identity (LFY) and stem-cell-restricting
(CLV, AG) activities. The model on the left shows the interactions thought
to govern stem cell homeostasis in vegetative and inflorescence meristems,
the model on the right shows the interactions in floral meristems.
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does not replace, but rather complements the WUS–CLV
circuit, because loss of CLV function still has an additive
effect in ag flowers in respect to determinacy [8]. Second,
the introduction of the further feedback loop to control
WUS allows indeterminacy to be combinatorially controlled
in a developmental context-specific manner, such as by the
floral meristem identity factor LEAFY. Moreover, a recent
report of a further regulator of meristem size, ULTRA-
PETALA [9], shows how subtle the spatio-temporal regula-
tion of AG expression patterns must be to generate the
appropriate floral organ morphology. Third, the vegetative
shoot apical meristem does not terminate, and so the use of
CLV to terminate WUS in the floral but not in the vegetative
or inflorescence meristem might be too error-prone.
The number of stem cells in the Arabidopsis shoot apical
meristem is very small and so there is not much room for
mistakes in making the decision whether to stay indetermi-
nate or become determinate. It is intriguing how so few
cells can make such vital decisions with a high level of relia-
bility. Two recent studies [10,11] indicate how the structure
of the signalling network and its mode of switching might
generate this reliability. Arabidopsis fasciata mutants, in
which the shoot apical meristem is drastically enlarged,
have phenotypes suggestive of over-accumulation of inde-
terminate cells [12]. The molecular cloning of FASCIATA
revealed that it encodes a component of chromatin assem-
bly factor-1 (CAF-1) [10]. CAF-1 promotes the loading of
nucleosomes onto newly replicated DNA and thus facili-
tates transcriptional control of gene expression and the
maintenance of epigenetic states. Yeast mutants in CAF-1
components are unable to maintain repressed states of tran-
scription at mating type loci, suggesting that epigenetic
states cannot be accurately regulated in the absence of func-
tional CAF-1 complex [13]. This raises the possibility that
the switch in a stem cell’s epigenetic state from indetermi-
nate to determinate only occurs in conjunction with a round
of cell division, and might explain why the WUS expression
domain in the fasciata mutant expands stochastically [10].
How have gene regulatory networks evolved to cancel out
the stochastic noise inherent in such systems with low
reactant concentrations? Numerical simulations indicate that
the stability of proteins encoded by regulatory genes is a key
factor in determining how robust signalling networks operate
[11]. We know nothing about the concentration of Wus or
the rate of Clv-pathway signalling, and it will be extremely
interesting and challenging to dissect their post-translational
regulation. Moreover, auto-regulatory signalling systems,
such as the negative feedback loops set up by the WUS–CLV
and the WUS/LFY–AG circuits, are inherently more resis-
tant to stochastic fluctuations in reactant concentration.
This is probably the reason why this regulatory paradigm
has been adopted frequently in evolution when two stable
states are required, as in the case of the circadian clock.
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